Potential energy curves for the X 1 ⌺ g ϩ ground state and ⍀ϭ0 u ϩ , 1 u valence states and dipole moments for the 0 u ϩ , 1 u ϪX transitions are obtained in an ab initio configuration interaction study of Cl 2 including spin-orbit coupling. In contrast to common assumptions, it is found that the B 3 ⌸ 0 ϩ u ϪX transition moment strongly depends on internuclear distance, which has an important influence on the Cl 2 photodissociation. Computed energy curves and transition moments are employed to calculate the A, B, C←X extinction coefficients, the total spectrum for the first absorption band, and the Cl*( 2 P 1/2 )/Cl( 2 P 3/2 ) branching ratio as a function of excitation wavelength. The calculated data are shown to be in good agreement with available experimental results.
I. INTRODUCTION
The chlorine molecule is widely used as a benchmark system for studying the electronic structure and photodissociation dynamics of diatomics under various conditions: in gas phase, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] in rare gas matrices, 13 or as an adsorbate. 14 The well-known first absorption band of the Cl 2 molecule is located in the UV region with a maximum at 330 nm and corresponds to the Cl 2 excitation to the valence states correlating with the Cl( 2 P 1/2,3/2 ) atomic products. This absorption spectrum has been thoroughly studied experimentally in the last few decades and is attributed mainly to the transition to the lowest repulsive C 1 ⌸ 1u state. 1, [7] [8] [9] 15 There are also small admixtures of the A 3 ⌸ 1u ←X and B 3 ⌸ 0 ϩ u ←X continuum bands in the long wavelength part of the spectrum which are unresolved and appear as a shoulder on the low-energy wing of the main C←X peak. There are three possible Cl 2 dissociation channels corresponding to combinations of the two Cl atoms in their ground Cl( 2 P 3/2 ) and spin-excited Cl*( 2 P 1/2 ) states. The C and A states correlate with the ground state chlorine atoms in the adiabatic approximation, whereas the B state gives ClϩCl* upon dissociation.
Two types of nonadiabatic transitions can influence the photodissociation process: a heterogeneous transition ͑⌬⍀ϭ1͒ between C 1 ⌸ 1u and B 3 ⌸ 0 ϩ u states which cross one another on their way to dissociation, and homogeneous transitions ͑⌬⍀ϭ0͒ between the 1 u valence states. A series of experimental studies has been carried out to determine the dissociation channels and role of nonadiabatic effects in the Cl 2 photodissociation. [2] [3] [4] [5] [10] [11] [12] It has been shown that the probability of heterogeneous transitions between the C and B states is negligibly small. 6, 10 On the contrary, the homogeneous nonadiabatic processes have been found to be very important, in particular in the 300-350 nm excitation range, leading to an increase in the Cl* yield upon dissociation due to transitions from the C state to the higher-lying 1 u states correlating with ClϩCl*. 2, 3, 5, 6 In spite of extensive investigations of the Cl 2 first absorption system, information about the potential energy curves and transition moments for the relevant excited states is far from being complete and unambigious. The first ab initio potential curves for the Cl 2 molecule were computed by Peyerimhoff and Buenker 16 in the ⌳ϪS approximation and served for many years after as a theoretical basis for analysis of the experimental data. Ab initio calculations including spin-orbit coupling have been performed only recently 6 for the valence states involved in the dissociation process. In this study, transition dipole moments have been reported only for the R e (X) equilibrium distance of the ground state. Moreover, the dipole moment of the dominant CϪX transition obtained in Ref. 6 at R e (X) is 30% lower than that derived from the experimental data. 17, 18 It can be noted that the CϪX transition is by far the strongest one of the first absorption system, which significantly facilitates its experimental analysis and makes data obtained so far for the C state the most consistent and reliable. The potential energy curve of the C state in the Franck-Condon region has been derived from the Raman spectra of Cl 2 . 19, 20 In addition, the CϪX transition moment has been calculated by employing the time-dependent Hartree-Fock method and the secondorder polarization propagator approximation ͑both methods have been used in Ref. 19͒ and found to be ϳ10% smaller than the experimental values 17, 18 at the ground state equilibrium distance.
Experimental information on the BϪX absorption band is quite uncertain, since it is significantly overlapped by the more intense C←X band as well as the weaker A←X one. The vertical excitation energy of the B state, estimated from the total absorption spectrum, varies by several thousand wave numbers in different studies 2, 15, 18 and the squared B ϪX transition moment values determined in Refs. 15 and 18 differ by a factor of 2. More reliable data for the BϪX tran-sition moment have been obtained from the lifetime measurements carried out for the B, vЈϭ7 -12 vibrational levels. 21, 22 The range of internuclear distance for which the dipole moment can be obtained from these data is out of the Franck-Condon region of the X, vЉϭ0 state, however.
The A state is even more complicated to describe with high precision based on the first absorption band data because the A←X transition is very weak. Several estimates of the vertical excitation energy and dipole moment based on comparison with the C←X band intensity have been made employing the Cl atom spin-orbit constant, 15, 18 and they differ significantly from one another. In addition, the AϪX dipole moment for low vibrational levels of the A state has been derived from the ratio between the AϪX and BϪX emission line intensities. 23, 24 From the above discussion it is clear that in order to achieve a reliable theoretical description of the Cl 2 photodissociation in its first absorption band, it is necessary to significantly improve the accuracy of the calculated data for the photoabsorption process. This information is also very important for the analysis of nonadiabatic processes and experimental data on the photodissociation. The goal of the present work is to carry out extensive configuration interaction ͑CI͒ calculations including spin-orbit coupling for potential energy curves of the X 1 ⌺ g ϩ , 0 u ϩ , and 1 u valence states of Cl 2 and the corresponding transition dipole moments over a large interval of internuclear distance. Special attention is paid to the accuracy of the transition moment calculations for the first absorption band states of Cl 2 . We have not included valence states with other ⍀ values (0 Ϫ , 2, and 3͒ in this study, since they are not relevant to the photodissociation process discussed. A theoretical description of these states can be found in our previous work. 25 The computed potential curves and transition moments are employed to analyze the direct photoexcitation process, in particular, to calculate the corresponding extinction coefficients and the Cl*/Cl branching ratio as functions of excitation wavelength, and to compare them with available experimental data.
II. COMPUTATIONAL DETAILS
A detailed description of the theoretical approach for calculation of the potential energy curves and transition dipole moments for the Cl 2 molecule may be found in our previous study. 25 Briefly, the ⌳ϪS potential curves have been calculated by employing the multireference singles and doubles ͑MRD-CI͒ method 26 in combination with relativistic effective core potentials ͑RECPs͒ 27 used for description of the core electrons (1s 2 2s 2 2 p 6 ) of the chlorine atoms. The RECP spin-orbit ͑SO͒ operator has been scaled with a factor of 1.04 to achieve better agreement with experimental SO splittings for the neutral Cl atom and its cation ͑see Ref. 26 In addition, some points have been computed at the lower thresholds, Tϭ0.01 and Tϭ0.005 E h , to attain better accuracy for the transition moments. Finally, the multireference analog of the Davidson correction 29 has been in- cluded in the CI energy to account for higher-excitation effects. Parameters of the CI procedure and symmetries of the electronic states included in the calculations are summarized in Table I . The resulting ⌳ϪS eigenfunctions have then been used to calculate transition moments between ⌳ ϪS states and to obtain spin-orbit matrix elements employing the RECP spin-orbit operator from Ref. 27 . These data together with the ⌳ϪS energies form a basis for computation of the final ⍀ potential energy curves as well as transition moments between them.
Test calculations have also been carried out with one additional g basis function, but its influence on the computed potentials and transition moments in the Franck-Condon region has been found to be negligible and the corresponding data are not included in the paper. The computed potential curves have been smoothed with cubic spline and employed for numerical solution of the one-dimensional nuclear motion Schrödinger equation to obtain vibrational wave functions. The latter are combined with the ab initio transition moments in order to compute extinction coefficients for various transitions of the first absorption band as well as the Cl*/Cl branching ratio as functions of internuclear distance.
III. RESULTS AND DISCUSSION

A. Potential energy curves
There are six ⍀ valence states of Cl 2 , which are connected with the ground state by the electric-dipole transitions: one state of the 0 u ϩ symmetry (B 3 ⌸ 0 ϩ u ) and five 1 u states: good agreement, as is the vertical excitation energy for the repulsive C state. One can note that the calculated R e values are shifted to larger internuclear distances by 0.015-0.025 Å with respect to the corresponding experimental data. As can be concluded from the test calculations with various atomic basis sets and CI treatments of various dimensions, this effect is mainly a consequence of employing the effective core potential approach. Such systematic error depends relatively weakly on the concrete excited state and thus one can assume that all computed potential curves are shifted by approximately the same distance. Indeed, a parallel shift of the computed potential of the ground state by Ϫ0.025 Å leads to a very good agreement with the corresponding experimental curve in the Franck-Condon region. This is also true for the similarly shifted repulsive C state, which demonstrates good agreement with the experimental curves 17, 18 obtained from the Raman spectra simulation, as well as for the B state, where comparison with the experimentally derived potential is possible for RϾ4.0 a 0 ͑see Fig. 2͒ . Notable differences between computed and experimental 17 potential curves are observed only outside the Franck-Condon region. One can therefore expect that the vertical excitation energies are reproduced in the present calculations quite accurately, which will be examined in more detail in the analysis of the absorption spectrum and the Cl*/Cl branching ratio.
The main deficiencies in the energy calculations appear at the intermediate and large internuclear distances and lead to an underestimation of the dissociation energies by ϳ700-900, ϳ520, and ϳ150 cm Ϫ1 for the X, A, and B states, respectively. This circumstance has no direct influence on the computed excitation spectra, however. Fig. 5͒ , whereas the BϪX emission bands from the low B, vЈ vibrational levels may be fairly accurately treated with the constant transition moment.
B. Transition moment functions
There are several experimental values of the BϪX transition moments derived from the B, vЈϭ7 -12 lifetimes 21, 22 as well as from the absorption data. 18 BϪX transition moments estimated from the absorption spectrum, 18 0.077 D, and computed at R e , 0.060 D. We think, however, that the value extracted from the experimental absorption spectrum is less reliable than that from the lifetime measurements for the reason given above. One should also note that in contrast to the perpendicular CϪX transition, the dipole moment of the parallel BϪX species does not change significantly with a CI selection threshold smaller than Tϭ0.05 E h ͓see Fig. 4͑b͔͒. 
A
is also forbidden at the ⌳ϪS level and mainly occurs due to the direct spin-orbit coupling between the 1 3 ⌸ u and 1 1 ⌸ u states. Since both the A and C states converge to the Cl( 2 P 3/2 )ϩCl( 2 P 3/2 ) atomic asymptote, the same as for the X 1 ⌺ g ϩ ground state, the C, A←X transition moments vanish at the dissociation limit. However, as the internuclear separation increases from R ϭ3.4 a 0 to Rϭ5.5 a 0 , the AϪX band gradually borrows more and more intensity from the CϪX transition, and this explains why the AϪX transition moment slowly but continuously increases in this distance range ͑see Fig. 3͒ .
The AϪX value computed for the equilibrium distance of the ground state at the lowest possible threshold of T ϭ0.005 E h is 0.021 D. Experimental values for the AϪX transition moment, obtained from the measured ratio of the B→X and A→X emission intensities, are 0.014 D at R ϭ2.15 Å ͑Ref. 24͒ and 0.016 D at Rϭ2.18-2.5 Å. 23 Taking into consideration that the AϪX transition is very weak, the difference between the theoretical and the experimental results for the Rϭ2.15-2.18 Å of about 25% seems to be quite acceptable.
1 u "III-V…ÀX
1 ⌺ g ¿ Analogous to the A 3 ⌸ u ϪX case, the 1 u (III)ϪX transition mainly borrows its intensity from the 1 1 ⌸ u admixture to the excited state. Therefore dipole moments for these two transitions have qualitatively similar behavior ͑see Fig. 3͒ , but the 1 u (III)ϪX transition moment is somewhat weaker. Photoexcitation to the higher-lying 1 u (IV,V) states is practically negligible due to the fact that the weights of their ⌳ϪS contributions that could ensure spin-allowed transitions from the X state are extremely small in the FranckCondon region of the ground state.
C. Absorption spectrum and Cl*ÕCl branching ratio
The total extinction coefficient tot computed for the first absorption band of Cl 2 (X,vϭ0) is shown in Fig. 5 along with the experimental data from several studies. [7] [8] [9] In this figure, we also present the tot value calculated for absorption from X, vϭ0, 1 under assumption of a Boltzmann distribution over the vϭ0, 1 vibrational levels ͑the vϭ1 population is about 7% of that for the vϭ0 level at room temperature͒. The position of the maximum and half-width of the computed spectrum from X, vϭ0 agree with the experimental data of Ref. 9 within several nanometers. The X, vϭ0, 1 spectrum is slightly broader and its half-width agrees better with the data of Gibson et al. 7 and Seery et al. 8 measured at room temperature. Partial absorption spectra of the weak BϪX and AϪX transitions are also given in Fig. 5 ͑see the upper panel͒. The maximum of the computed BϪX band lies at 397 nm ͑ϳ25 200 cm Ϫ1 ͒. This value agrees quite well with the data of Coxon, 18 25 500 cm Ϫ1 , derived from the absorption spectrum simulation based on the Morse-type extrapolation of the B state Rydberg-Klein-Rees potential to small R values. The discrepancies with the spectrum simulation of Mulliken 15 ͑23 550 cm
Ϫ1
͒ and Samartzis et al.
2
͑24 100 cm Ϫ1 ͒ as well as the theoretical calculations of Yabushita 6 ͑23 900 cm Ϫ1 ͒ are found to be somewhat larger. Results derived from the measured absorption spectra are subject to considerable uncertainty in this case since the B ϪX band is overlapped by the much stronger CϪX band, but the reason for the disagreement with the theoretical data is unclear. Unfortunately, one cannot directly check the validity of these results, but indirect examination of the computed BϪX band can be accomplished by considering the corresponding Cl*/Cl branching ratio calculations, as will be done below.
The branching ratio of the excited and ground state atoms produced in the Cl 2 photoabsorption has been calculated in the present work in the adiabatic approximation as Cl*/Clϭ ͑B ͒ ͑B ͒ϩ2͑ ͑A ͒ϩ͑ C ͒͒ , ͑1͒
where ( . As can be seen, agreement between the calculated and experimental results is very good up to 420 nm, while at longer wavelengths the computed function lies slightly above the experimental points, with the discrepancy being less than 5%. In the long wavelength range the nonadiabatic transitions are negligible, 2, 3, 5, 6 as is the C←X absorption at Ͼ430 nm. This means that the main source of the above small discrepancy might be due only to an incorrect relation between the BϪX and AϪX band intensities, which may be caused, for example, by a slight overestimation of the BϪX value at RϾ2.2 Å. It is also possible that both the BϪX and AϪX transition dipole moments are slightly overestimated, with this effect being a bit more pronounced for the B←X transition. It is quite difficult to make unambiguous conclusions about the reason for this discrepancy, however, since it is fairly small and too many parameters can influence the final result. This issue is illustrated ͑see Fig. 6͒ by comparison of the computed Cl*/Cl branching ratio function with the original fitting of the experimental points made in Ref. 2. The computed branching ratio curve agrees very well with the experimental fitting curve in the ϭ350-375 nm interval, lies slightly lower than the latter at ϭ380-405 nm, almost perfectly matches it at 410-445 nm, and is slightly higher at Ͼ450 nm. One can see that this comparison leads to somewhat different conclusions concerning agreement between theory and experiment with respect to those made above, and thus underlines a point that the calculated results lie practically within the accuracy range of the measured data. Altogether, it can be concluded that the good agreement obtained for the Cl*/Cl ratio with the experimental data in the 350-465 nm range demonstrates that the positions and relative intensities of the B←X and A←X absorption bands are obtained quite accurately in the present study.
IV. CONCLUSION
Ab initio calculations of the potential energy curves and dipole moments for transitions from the X 1 ⌺ g ϩ ground state transition͒, so that it can be concluded that there are strong similarities in the influence of the CI expansion on the accuracy of computed dipole moments for the first absorption band of the hydrogen halide and halogen molecules.
It has been found that the dipole moments of the spinforbidden transitions vary strongly with R. This is especially important for the BϪX (R) value, which almost doubles in the Franck-Condon region. This fact has a significant influence on the position of the BϪX band maximum as well as on the shape of this band, in particular in its short wavelength part, at ϭ300-350 nm. The computed dipole moments of the
show very good agreement with available experimental data obtained at the equilibrium internuclear distance of the ground state (Rϭ2.0 Å) and at Rϭ2.1 Å, respectively. The BϪX value is probably slightly overestimated ͑by р7%͒ at larger internuclear distances, RϾ2.2 Å. Agreement between the present calculations and experiment for the weakest A 3 ⌸ 1u ϪX 1 ⌺ g ϩ transition is somewhat worse, with both the calculated and measured data for this transition being less reliable than for the stronger ones.
The total absorption spectrum of the first Cl 2 band and the Cl*/Cl branching ratio calculated in the adiabatic approximation as a function of the excitation wavelength agree very well with the experimental data. The computed position of the first absorption band maximum, which is mainly determined by the CϪX transition, reproduces the experimental results with an accuracy of 2 nm. The maximum of the BϪX absorption band is in good agreement with the value obtained by Coxon, 18 but differs by up to 20 nm from the results obtained in other studies. 6, 15 Good agreement of the calculated Cl*/Cl branching ratio with the experimental data may be taken as an argument in favor of the data obtained in the present work.
Finally, one should mention that the variation of the BϪX dipole moment in the Franck-Condon region should have an important influence on the anisotropy parameter ␤ for the Cl*ϩCl dissociation channel, which depends on the B←X and C←X absorption coefficients and on the efficiency of nonadiabatic processes. Unfortunately, our potential energy curves and wave functions at intermediate internuclear distances are not smooth enough for an accurate calculation of the nonadiabatic coupling matrix elements. A rough estimate made in the present study employing data on the C1 u →1 u (III,IV) nonadiabatic transition probability obtained in the framework of the Rosen-Zener-Demkov model 34 in Ref. 6 shows that the change of the B←X absorption spectrum leads to an increase in the ␤ values by 0.25-0.50 at ϭ320-350 nm relative to the previous theoretical results. 6 This change brings them in overall better agreement with the experimental data 2 for the ␤ parameter in the above excitation range.
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